The MTF, NNPS, and DQE are standard linear system metrics used to characterize intrinsic detector performance. To evaluate total system performance for actual clinical conditions, generalized linear system metrics (GMTF, GNNPS and GDQE) that include the effect of the focal spot distribution, scattered radiation, and geometric unsharpness are more meaningful and appropriate. In this study, a two-dimensional (2D) generalized linear system analysis was carried out for a standard flat panel detector (FPD) (194-micron pixel pitch and 600-micron thick CsI) and a newly-developed, high-resolution, micro-angiographic fluoroscope (MAF) (35-micron pixel pitch and 300-micron thick CsI). Realistic clinical parameters and x-ray spectra were used. The 2D detector MTFs were calculated using the new Noise Response method and slanted edge method and 2D focal spot distribution measurements were done using a pin-hole assembly. The scatter fraction, generated for a uniform head equivalent phantom, was measured and the scatter MTF was simulated with a theoretical model. Different magnifications and scatter fractions were used to estimate the 2D GMTF, GNNPS and GDQE for both detectors. Results show spatial non-isotropy for the 2D generalized metrics which provide a quantitative description of the performance of the complete imaging system for both detectors. This generalized analysis demonstrated that the MAF and FPD have similar capabilities at lower spatial frequencies, but that the MAF has superior performance over the FPD at higher frequencies even when considering focal spot blurring and scatter. This 2D generalized performance analysis is a valuable tool to evaluate total system capabilities and to enable optimized design for specific imaging tasks.
INTRODUCTION
Linear system analysis metrics such as modulation transfer function (MTF), normalized noise power spectrum (NNPS), and detective quantum efficiency (DQE) are the most commonly used objective parameters for detector performance evaluation. While they are very useful for evaluating the intrinsic detector performance they are incomplete in describing the total system because they do not account for the effect of scatter, focal spot distribution and geometric unsharpness. The effects of focal spot unsharpness, magnification and scatter have been studied by many authors.
1,2,3,4 Kyprianou et. al. 5, 6 developed a formulation for the generalized performance evaluation. To evaluate the whole system performance in 2D, we used a generalized approach which takes all factors into account and evaluates the two-dimensional system performance for realistic clinical conditions. These generalized linear system analysis metrics designated generalized modulation transfer function (GMTF), generalized normalized noise power spectrum (GNNPS), and generalized detective quantum efficiency (GDQE) include the effect of scatter from the object, geometric magnification, and the 2D focal spot distribution. Others have designated the term 'effective DQE' for somewhat similar concepts. 7 In the present study we used 2D generalized linear system metrics to evaluate two radiographic detectors: a standard flat panel detector with 194 micron pixel size and 600 micron thick CsI(Tl) phosphor, and the other a newlydeveloped, high-sensitivity, high-resolution micro-angiographic fluoroscope (MAF) with 35 micron pixel size and 300 micron thick CsI(Tl) phosphor. The motivation for this evaluation is to demonstrate the capabilities of these detectors realized in actual clinical x-ray systems. In previous work, our group reported on the use of onedimensional GMTF, GNNPS, and GDQE to give a realistic estimate of total system performance with a micro angiograph comparativ
X-ray ima
We used a (Infinix, T for this stu pixel width interest x-r imaging ( The detector noise power spectrum NPS was measured using standard Fourier transform methods 12 . Sixty (60) flat field images, acquired at 80 kVp for 4 different exposures, were used. The normalized noise power spectrum of the detector calculated from the offset and flat field corrected images can be expressed as 5, 6, 8, 13, 14 , ,
Where a(u,v) and b(u,v) are frequency-dependent constants that can be obtained by fitting the NNPS data taken for different values of exposure (X).
For this study, we used the Noise Response method 15 to obtain a 2D detector MTF for the FPD. For the Noise Response method, we measure the 2D NPS of a detector and from the quantum noise component of the NPS we obtain the presampled 2D detector MTF. The slanted edge method 16 was used to measure the MAF's MTF. The 2D MTF was generated by rotating the 1D MTF.
For the focal-spot MTF, the standard pin-hole method was used. We measured the focal spot MTFs for all three sizes of focal spots available with our x-ray tube. We measured focal spot for pin-hole magnification value 3.12.
The measured focal spot MTF was rescaled for unit focal spot magnification and used for the calculations of the GMTF.
For the measurement of the scatter fraction for both detectors, the standard lead beam stop technique 17 was used. Scatter fraction was measured for two different air gaps (2.5 cm and 5 cm).
The scatter MTF was simulated using methods described by Boone et al. 18 As suggested by Boone, the scatter PSF was assumed to be Gaussian with a radial expansion term 1/r. The scatter PSF was simulated for a 15 cm Lucite head-equivalent phantom and the Henkel transform of the scatter PSF was used to provide the scatter MTF.
Generalized linear system parameters formalism
The Generalized MTF is given by combining the MTFs for detector (MTF D ), focal spot (MTF F ), and scatter (MTF S ) using the following equation (shown in one-dimension for simplicity) 5, 6 :
, , ,
where u and v are spatial frequency in the object plane, m is the magnification of features in the object plane onto the detector plane, and the scatter fraction ρ is defined as,
where S and P are scatter and primary components, respectively. A scaling factor, based on the magnification, is used to transfer the spatial frequency of the detector plane into the object plane. This GMTF gives the system resolution relative to the object plane while the simple detector MTF gives the intrinsic detector resolution at the detector plane. The factor (1-ρ) shows that only the primary component contributes to focal spot blurring. The rescaling factor in the focal spot term redefines spatial frequencies into the object plane. The second term has only the scatter contribution and spatial frequencies are rescaled into the object plane using a factor 1/m. 4 Similarly, the generalized normalized noise power spectrum is
Where NNPS D (f, X) is the normalized noise power spectrum of the detector at the detector plane and X is the exposure. Using the linearity of the detector, we can fit the NNPS data to equation (1) and can calculate the NNPS for any exposure. When we are calculating NNPS for the images that have scatter, there is no distinction between primary and scattered photon in terms of noise contribution. given in cycles/ rofile of MTFs . In figure 13 w QE (for m = 1.0 figure 18 figure 12 , where the MAF's GMTF is shown only up to the 2.5 cycles/mm, the MAF starts performing better after around 1.5 cycles/mm. Figure 21 shows the comparison of GMTFs up to 10 cycles/mm. Here it is quite clear that the FPD is limited up to 2.5 cycles/mm because of its larger pixel size, while the MAF promises to work better even at higher spatial frequencies. Figure 13 shows the improvement in the GMTF for the MAF over the FPD as a function of spatial frequency. It indicates that the MAF has about 6 times better GMTF in comparison to the FPD at 2.5 cycles/mm.
Figures 22 and 23 present various GMTF curves calculated for different combinations of magnification and air gap for the MAF and the FPD separately. They clearly show the effect of magnification and scatter fraction on system MTF. The larger air gap reduces the scatter and hence the low frequency drop is less for the larger air gap. The effect of the focal spot size increases with increasing magnification. Figure 22 and 23 clearly illustrate that increasing magnification adversely affects the system resolution at higher spatial frequencies.
The effect of focal spot size is presented in figure 20 . The GMTF for the MAF is calculated for three different focal spot sizes with the same magnification and no scatter. It shows that the choice of focal spot size is an important factor that greatly influences the system performance. The detector MTF and magnification is the same in all three cases but the choice of focal spot size plays a crucial role in determining the system performance especially at high spatial frequencies. We also observed some non-isotropy while studying 2-D system performance metrics. The 2-D MTF for the FPD was not completely symmetric and further non-isotropy was introduced by the focal spot MTF.
The DQE gives an absolute measure of the detector efficiency in detecting primary photons while the GDQE incorporates the effect of other system parameters and gauges the system performance with different clinical conditions. Figures 14-19 give a comparison of the GDQE of both detectors.. The MAF shows a better performance compared to that of the FPD with a grid. The effect of focal spot and scatter on the GDQE was qualitatively similar to that on the GMTF and is shown in figures 24 and 25 for both detectors separately. Figure 18 shows a comparison of horizontal profiles of DQE and GDQE for the MAF and the FPD. It shows similar behavior as discussed for the GMTFs in figure 12 . Figure 19 shows the ratio of GDQEs for the two detectors and demonstrates that the MAF does a substantially better job at higher spatial frequencies (up to 7 cycles/mm).
Results for the 2-D generalized system metrics gives an idea of the realistic performance of a detector in simulated clinical situation in which the detector's performance is greatly modulated by the choice of the focal spot, magnification and air gap. This 2-D analysis also points out the inherent non-isotropy in detector and system performances metrics.
CONCLUSION
In the present study we evaluate the total system performance for a realistic situation where scatter, geometric unsharpness and finite focal spot size have effects on the overall image quality. We observed that with the generalized approach, total system performance is shown to be substantially degraded in comparison to the intrinsic detector performance. Our results showed that the GDQE and GMTF both suffer a significant loss because of the finite size focal spot and scatter. With this 2D analysis we were able to investigate the underlying non-isotropy in different performance metrics which is overlooked when only one dimensional analysis is performed. Comparisons between GMTFs and GDQEs of the FPD and the MAF show that both detectors have similar performance up to the Nyquist frequency of the FPD; at higher frequencies the MAF maintains its superior imaging performance capabilities even with focal spot unsharpness and scatter.
